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Abstract. Diﬀerential rotation, similar to that seen on our gas giants, is manifested at the sur-
face of three-dimensional (3D) computer simulations of thermal convection in density-stratiﬁed
rotating planets without solid cores. Below the surface, the ﬂow forms short axially-aligned vor-
tices, generated by ﬂuid expanding as it rises and contracting as it sinks. The convergence of
the nonlinear Reynolds stresses resulting from the vorticity generated by ﬂuid ﬂowing through
the density stratiﬁcation maintains the surface banded zonal ﬂow without the classical vor-
tex stretching of Taylor columns. These preliminary simulations demonstrate that large non-
convecting cores are not required to obtain multiple zonal jets at the surface, and show greater
convective heat ﬂux towards the poles relative to that seen at the equator. This result could help
explain the nearly uniform with latitude thermal emission observed at the surface of Jupiter.
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1. The numerical model
We use the ﬁnite volume method, as in Evonuk & Glatzmaier (2006a), in three di-
mensions to model thermal convection in a rotating spherical body with central gravity.
We use the anelastic approximation (Gough 1969; Glatzmaier & Gilman 1981; Lipps
1990), with ∇ · (ρ¯u) = 0, where variables with overbars represent background functions
that vary with radius. The divergence of velocity, the momentum equation, and the heat
equation are as follows:
∇ · u = −ur
ρ¯
dρ¯
dr
,
ρ¯
∂u
∂t
= −ρ¯(u · ∇)u− ρ′g¯ − 2ρ¯Ω× u−∇P +∇ ·
[
2ρ¯ν¯
(
eij − 13(∇ · u)δij
)]
,
ρ¯T¯
∂S
∂t
= −ρ¯T¯ (u · ∇)S +∇ · (Cpρ¯κ¯∇S′) + ρ¯Q,
where ρ is the density, u the velocity, g the gravity, Ω the rotation vector, P the pressure,
ν the kinematic viscosity, T the temperature, S the speciﬁc entropy, Cp the speciﬁc heat
capacity, κ the thermal diﬀusivity, eij the rate of strain tensor, and Q a speciﬁed internal
heating rate.
The dimensionless parameters for our simulation are the Ekman number (Ek =
ν/(2ΩD2) = 1.5 × 10−7), the Prandtl Number (Pr = ν/κ = 0.1), and the Rayleigh
number (Ra = go∆SD3/(Cpνκ) = 2.5 × 1010), where D is the depth of the convection
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Figure 1. Energy Balance of Jupiter. The solid black lines are the thermal and absorbed energy,
and the internal energy is calculated as the excess of the thermal over the absorbed energy
(Parraglia 1984). Overlaid, as a grey line, is the internal heat ﬂux for the model simulation with
no core.
zone, go the gravity at the outer boundary, and ∆S is the drop in the entropy perturba-
tion across the convection zone.
We set the outer boundaries of the simulation to be impermeable and stress free at
a constant entropy perturbation of zero. We neglect the magnetic ﬁelds but include ﬁve
density scale heights through the interior of our coreless planet so that the surface of
the simulation corresponds to a pressure of 108 Pa and a density of 2.89× 10−2 gm/cm3
as in one dimensional models of Jupiter by Guillot (1999). The background temperature
gradient is adiabatic and convection is driven by an axially symmetric heating term which
tapers to zero by 35% of the sphere’s radius. The rotation rate is about 10 hours, similar
to that of Jupiter and Saturn and the model resolution is 4003 in Cartesian coordinates.
2. Summary of results
Our 3D simulation without a core maintains a multiple jet zonal ﬂow structure with
a strong equatorial prograde jet. The coupling of the ﬂuid ﬂow with the Coriolis force
via the expansion and contraction of ﬂuid as it moves through the density-stratiﬁcation
allows for the local convergence of Reynolds stresses and establishment of diﬀerential
ﬂuid ﬂow independent of the curved outer boundary, unlike the constant density case
which relies on boundary interactions to establish zonal ﬂow structures. For a more
extensive discussion of this local mechanism see Glatzmaier, Evonuk & Rogers (in prep.)
and Evonuk & Glatzmaier (2006b).
Axially aligned vorticity features are observed throughout the simulation. While they
do not span the convective zone, they do allow for preferential ﬂow of high entropy along
the vorticity features. This preferred transport may be important for giant planets. While
strong convection is likely restricted to a thin shell due to suppression of convection in
the metallic hydrogen region by the strong magnetic ﬁeld, the base of this fast convection
shell is likely to have non-uniform entropy and heat ﬂux.
Simulation results show to ﬁrst order lower heat ﬂux in the equatorial regions (Fig-
ure 1). The absolute amplitudes of the ﬂux for Jupiter and the simulation are not shown
as the simulation is driven much harder than Jupiter to compensate for the necessar-
ily larger diﬀusivities used in the simulation. Also to ﬁrst order we see asymmetrical
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Figure 2. Temperatures retrieved by inversion of Voyager infrared spectral measurements. The
broken curve is a ﬁt to the northern hemisphere 150-mbar temperatures which has been folded
over at the equator to compare with the southern hemisphere (Conrath and Pirraglia 1983).
Overlaid is a similar proﬁle in grey for the simulation with no core.
distributions of the heat at the surface of the planet with an overall trend towards higher
temperatures in the southern hemisphere similar to the trend seen at the 150-mbar level
in Saturns atmosphere (Figure 2). These results are time dependent and the simulation
is not speciﬁc to either planet.
These results indicate that a constant entropy, temperature, or heat ﬂux at the base of
the convective zone in giant planet simulations may not provide the best lower boundary
condition for realistic numerical simulations. Also we see that the density-stratiﬁcation
plays an important role in vorticity generation and the maintenance of a zonal ﬂow
structure. It is a local mechanism and is likely to be important in giant planets that are
highly turbulent.
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